Introduction
The rapid development in ultra-intense laser technology has resulted in a new generation of particle accelerators, which access a parameter regime complementary to that of conventional accelerators. Relativistic plasmas [1, 2] generated during the interaction of multi-terawatt (TW) laser pulses with matter have been identified as a brilliant source of GeV electrons [3, 4] , MeV ions [5] and versatile photon beams [6] - [8] . The produced ion beams possess a number of unique properties, including ultra-short pulse duration, excellent emittance values and ultra-high peak currents [9] , while requiring but minute acceleration lengths of several tens of micrometers. An important proof of the potential has recently been demonstrated with the availability of monoenergetic electron [10] - [13] and ion beams [14] - [19] . Thus, laser acceleration has opened up the possibility of many exciting applications, such as compact radiation sources for structural analysis [6, 20] and oncological therapy [21] , as pre-accelerators for conventional acceleration devices [22] , for medical isotope production [23] or for fast ignition of inertial confinement fusion [24, 25] .
Especially for laser ion acceleration, however, the reliable generation of beams exhibiting a non-thermal or preferably quasi-monoenergetic spectrum still poses a substantial experimental challenge. Previous examples by our group have shown that using specially prepared targets with spatially confined ion sources allows for the generation of such quasi-monoenergetic ion pulses [15] . Although it has been shown that the position of the spectral peak scales with laser energy [18] , the necessary reproducibility for applications and the required ease of spectral tuning have not yet been achieved. It is possible that laser ion accelerators will eventually have to rely on active beam shaping devices. However, in order to sustain the advantages of compact laser accelerators, these beam shaping devices should best be realized by laser acceleration, too, and hence act on the intrinsic timescale of the laser acceleration process and warrant the necessary flexibility. As a step towards these requirements, Toncian et al [17] proposed a laserdriven micro lens as an active energy selection device.
Here, we present a novel and reliable technique to actively control the proton spectrum on the required spatial and temporal scales. We demonstrate that a double-stage laser acceleration scheme can be utilized to characteristically modulate the proton spectrum of a proton beam created on a primary foil through a subsequent laser-plasma interaction on a separate, secondary foil. The principle of the cascaded acceleration scheme is depicted in figure 1 . An MeV proton beam is generated by the laser pulse P1 at the primary target foil T1 via the mechanism of target normal sheath acceleration (TNSA). TNSA relies on the charge separation between a sheath of expelled electrons at the target rear side and the positively charged foil [26, 27] . Hydrogen contaminants present on the target surface are field ionized by the enormous electric fields in the TV m −1 range. Hence, protons are accelerated towards the secondary target T2, thereby undergoing dispersion. At T2, a second TNSA field is generated by the appropriately delayed second laser pulse P2, imposing a characteristic spectral modulation on the primary proton beam.
Experimental setup
Experiments were carried out with the Jena 10 TW titanium:sapphire laser system (JETI), which delivers pulses of 0.8 J energy and 80 fs pulse duration with an amplified spontaneous emission (ASE) contrast ratio of 10 −8 40 ps before the main pulse. The JETI pulses were split into two pulses (P1 and P2) by means of a 60/40 beam splitter (figure 1). Each pulse was focused with a 45
• f /2 off-axis parabolic mirror onto a 2 µm thick titanium foil, which was mounted in series in a tandem frame at a fixed distance of 5.86 mm. The full-width at half-maximum (FWHM) focal spot areas were A P1 = 4.9 µm 2 and A P2 = 6.6 µm 2 , corresponding to intensities of I P1 = (1.7 ± 0.1) × 10 19 W cm −2 and I P2 = (0.7 ± 0.1) × 10 19 W cm −2 , respectively. The time-of-flight (TOF) of the protons for the propagation between T1 and T2 varied from τ delay = 600 ps to 267 ps for proton energies of 0.5-2.0 MeV, which corresponds to an optical path difference of about s = 8-18 cm between P2 and P1 realized by an optical delay line. The relative accuracy of the delay stage was given by a step width of 2 × 5 µm ( ∼ =33 fs), whereas the absolute delay stage position was determined with an accuracy of 1 mm ( ∼ =3 ps).
The ion beams were analyzed with a Thomson parabola spectrometer, using parallel magnetic (420 mT) and electric (2.6 × 10 5 V m −1 ) fields over an effective distance of 10 cm, and detected with a subsequent micro-channel plate (MCP), i.e. a spatially resolving secondary electron multiplier combined with a phosphor screen used in the Chevron setup. The MCP was absolutely calibrated both against CR39 nuclear track detector plastics and at the 4 TCC-CV28 cyclotron of the Physikalisch-Technische Bundesanstalt (German National Metrology Institute) in Braunschweig, Germany. Alternatively, CR39 plastics were used for detection. A pinhole in front of the spectrometer determined the solid angle of observation to 1 µsr, corresponding to a spectral resolution of ∼75 keV at 1 MeV. Together with the source region of ion acceleration at the rear side of T1, the pinhole also defined the propagation axis of the protons detected in the spectrometer. The first target T1 had to be aligned perpendicular to this axis and the focus of P2 had to be centered to it in order to enable double-stage acceleration in an effectively one-dimensional (1D) geometry. This overlap was achieved by means of a robust alignment procedure with an accuracy of ∼15 µm. In comparison, the TNSA proton source size on the foil-though varying with proton energy-is typically several hundred micrometers in diameter [28, 29] .
Results of cascaded laser ion acceleration

Spectral control
The results of double-stage acceleration are shown in figure 2(a). A strong modulation is observed on top of a quasi-exponential spectrum. Towards higher energies, one first encounters a region of proton accumulation, followed by a region of proton depletion and again accumulation. We interpret this modulation as follows: upon reaching T2, the duration of the proton pulse from T1 has increased to several hundred picoseconds and is hence much longer than the rapid TNSA field dynamics triggered by P2 at T2 [30, 31] . Therefore, only a fraction of the proton pulse is affected, which limits the influence to a narrow spectral region. In this transient field, however, those protons already behind T2 are further accelerated in the forward direction, while their slower successors are decelerated by the Coulomb wall at the target front. This re-acceleration and deceleration of protons corresponds to regions of proton accumulation in the spectrum, located on both sides of a central region of depletion as seen in figure 2(a) .
Note that the total recorded spectra (figure 2(a), gray squares) originally contain proton contributions from both foils, as P2 also generates a separate but unmodulated proton beam with a quasi-thermal spectrum (i.e. an exponential with a characteristic quasi-temperature T ion ) at T2. Explicit information about the primary proton beam (generated at T1 and modulated by the fields at T2) was obtained by subtracting an average background spectrum, recorded for sole irradiation of T2 with P2, from the compound spectra (resulting in the black squares in figure 2(a) ). This assumes that the protons are only accelerated or decelerated but maintain their original direction, which is a viable first-order approximation for the (1D) geometry ensured by our alignment accuracy. All background spectra showed a Boltzmann-like energy distribution with an average temperature of k B T avg = 0.62 ± 0.01 MeV. The black squares spectrum in figure 2(a) therefore only represents those protons produced at T1, inserted externally into the second TNSA field and affected by it. For comparison, we show a proton spectrum that was obtained from the sole irradiation of T1 with P1 (as shown by the black line in figure 2(a) ). Although slight changes in the total proton number can be observed (most likely due to shot-toshot variations of the laser) when comparing the black line and black squares in figure 2(a) , the strong modulation is only present in the case that both laser pulses irradiate the respective target foils.
All spectra recorded from the simultaneous irradiation of both foils exhibit the same characteristic modulation: the depth of the modulation is typically of the order of the total proton signal strength, decreasing to almost zero in the depletion center, and piling up by a factor of ≈1.5 in the adjacent peaks. The center of the modulation therefore depends on the delay between pulses P1 and P2. In figure 2(a) , the depletion center is located at E center = 1.25 ± 0.05 MeV, which corresponds to a proton TOF of 379 ± 1 ps for protons propagating from T1 to T2. This is in excellent agreement with the delay stage setting of τ delay = 378 ± 3 ps for this shot. Figure 2(b) shows how the position of the modulation varies with the delay time of P2, matching the theoretical TOF curve (dashed black line) excellently. The error bars indicate the standard deviation of the center position of the characteristic modulation for all shots recorded at a given delay stage TOF setting. This gives conclusive evidence that the observed spectral modulations and re-acceleration of protons can be attributed to the second TNSA field, and underline the reliability of the cascaded acceleration scheme. Note that the described use of the two consecutive interaction targets for laser-driven ion acceleration proved to be extremely robust. All spectra recorded from double-stage acceleration exhibited the same characteristic modulation, whereas the position of the modulation, defined by the dip center, fluctuated within less than ±200 keV for high energies, and much less for lower energies, as displayed in figure 2(b) . The number of re-accelerated protons contributing to the modulation at that energy thus typically varied by less than a factor of 2. Heavier ion traces were observed only from the P2-T2 interaction. Ions originating from the P1-T1 interaction, traveling at lower velocities than the protons, are stopped within T2 and have consequently not been observed.
Feasibility of setup to generate narrow-band spectral peaks
Given the above-mentioned flexibility of the re-acceleration impact over the full spectral width, the important question arises as to whether the double-stage setup can be used to accelerate the high-energy portion of the first proton beam beyond its original cutoff energy in order to produce a single, free-standing, quasi-monoenergetic peak. The experiments show that this is indeed possible: figure 3 presents the result of a shot where the delay stage setting was chosen to synchronize the incidence of P2 on T2 with the arrival of the fastest protons from the P1-generated beam. It can be seen that a distinct and well-separated proton peak was formed at an energy of 1.65 MeV with an FWHM bandwidth of 150 keV ( E/E = 9%), approximately 200 keV higher in energy than the regular energy cutoff at 1.45 MeV of protons coming from T1 alone. Note that for the result shown in figure 3 the reduced cutoff energy of 1.45 MeV for P1 on T1 alone was obtained by slightly defocusing P1 impinging on T1 and hence reducing the corresponding intensity. Taking into account the opening angle of the beam of approximately 10
• [9, 32] , the solid angle of observation of the setup and the energy binning, the peak is found to contain about 10 5 protons re-accelerated by the T2 interaction. Well-separated quasimonoenergetic peaks of this sort have been discussed as highly auspicious for a variety of potential applications before (cf [14, 15, 18] for more details).
The total proton number that is subjected to re-acceleration can be estimated by taking into account the relation between the total solid angle of T1 acceleration and the corresponding . This results in the following solid angles: the initial acceleration cone occupies ≈100 msr, of which only 0.23 msr is affected at T2. Note that, in comparison, the solid angle of acceptance of the ion spectrometer is 0.001 msr only. For the peak of re-accelerated protons in figure 2(a), this gives 10 4 protons detected in the Thomson spectrometer, corresponding to a total number of 2 × 10 6 protons that have been affected by the T2 interaction. Consequently, the peak in figure 3 corresponds to 10 5 protons re-accelerated by the T2 interaction.
Energy gain scaling for staged acceleration
A measure for the average energy gain due to the second acceleration can be derived from the energy difference between the depletion center and the center of the subsequent peak at higher energies. For all spectra, the energy gain follows approximately a linear function E = 0.14 × E delay − 0.05 MeV with respect to the selected delay stage (TOF) energy (figure 4). At the same time, the relative energy gain E/E delay gradually increases from 7.0% to 11.4%, whereas the slope 0.14 ≡ 14% of the linear function represents an asymptotic limit for the relative energy gain. Clearly, the energy gain achieved with the current two-stage setup does not yet compete with the maximum proton energies obtained with higher laser powers [18] . However, the observed transfer of protons from one part of the spectrum to regions of higher energy demonstrates that the particle energy can be enhanced successively by using multi-stage schemes.
Numerical simulations of the double-stage setup
To further substantiate our interpretation, we investigated the effect of a second laser-plasma interaction on the proton spectrum by means of numerical simulations. In the simulation, the T1-generated beam was followed through the P2-T2 interaction using a 1D3P electromagnetic Particle-In-Cell (PIC) code [33] that applies standard explicit PIC methods [34] , and a 8 particle-tracking routine. Since the largest and the smallest relevant length-scales (i.e. the foil separation and the cold Debye length) are so disparate, a number of simplifying assumptions had to be made. Firstly, due to the velocity dispersion and transverse spatial spreading, the protons from T1 will be so rarefied by the time they reach T2 that they can be treated as test particles, not affecting the P2-generated fields. Secondly, it is assumed that the minimal description model required is 1D, and only the component of the electric field normal to the T2 foil is important. This assumption is justified given the alignment accuracy of our double-stage setup, which was better than 15 µm for the overlap between the two proton beam propagation axes. In contrast, the radial extent of the TNSA sheath is at least a factor of 10 larger for the present experimental conditions (cf e.g. [29, 33] ). This alignment accuracy warrants that only the central, targetnormal part of the second TNSA field is effectively used for re-acceleration, and transverse field components (i.e. parallel to the foil surface) can be neglected in the simulation. The electric fields of the P2 interaction are calculated by the 1D3P PIC code. The PIC results are then used to perform a subsequent 'particle-tracking' calculation for a sub-set of the P1 spectrum. This sub-set spanned those protons that had reached (5.86 ± 0.08) mm after a delay time of 378 ps between the two pulses. The protons were represented by a set of macroparticles on a grid of the same dimensions as that used in the PIC simulation. The calculation was run up to 400 fs. Figure 5 (a) shows this spectrum (black line) with the expected modulation-the depletion region with the peaks at its boundaries-around 1.30 ± 0.05 MeV. The simulated spectrum then had to be convolved with the spectrometer function to take into account the limited spectral resolution dominated by the aperture of 1 mm diameter used in the experiment. Including this convolution, one finds exactly the measured spectral shape (gray line). The positions of the features then amount to E depl ≈ 1.30 ± 0.05 MeV with E dec ≈ 1.20 ± 0.05 MeV and E acc ≈ 1.40 ± 0.05 MeV for the convolved spectrum, which is in excellent agreement with the measured spectrum, and its relative energy gain of 11.5% matches the results presented above.
The proton phase space is shown in figure 5 (b) without (gray line) and with the second interaction (black line), with target T2 located at x = 100 µm. Protons that are very close to T2 at the beginning of the second interaction are accelerated (or decelerated) the most, leading to a distinct loss of protons around a central energy. Protons that are farther away from P2 during the P2-T2 interaction experience a correspondingly weaker acceleration or deceleration. Consequently, the final proton distribution in phase space has two regions where the distribution has been 'flattened' at x ∼ 50 µm and x ∼ 150 µm compared to the positive slope of the unaffected distribution (gray trajectory). These regions correspond to the two peaks in the energy spectrum on either side of the central depletion energy. Moreover, the plot shows the acceleration of a few protons by a factor of 3 in momentum as well as deceleration up to a factor of 2.4, corresponding to a very encouraging energy gain of a factor of 9 for re-acceleration. However, these strongly accelerated protons were not observed during the experiment, most likely because their number was below the detection threshold of the spectrometer.
Conclusion
In conclusion, we have demonstrated the first double-stage laser acceleration of protons, providing a very robust and flexible scheme for spectral shaping of laser-produced ion beams. Methodically inspired by staged schemes at conventional accelerators, the experiment also showed for the first time that the TNSA mechanism can be applied in an additive manner. The energy band of the primary proton beam to be re-accelerated in the second field can be selected easily by altering the delay between the two laser pulses. The great robustness of the presented technique indicates the high potential to expand our scheme to multiple acceleration stages, where the benefits will be even stronger. Recent numerical simulations for multi-stage acceleration of monoenergetic proton beams predict an energy gain of up to a factor of 2 for the use of six stages [30, 35] . thank B Beleites, F Ronneberger and W Ziegler for their excellent support. APLR is grateful for the use of computing resources provided by Science and Technology Facilities Council's e-Science facility.
